We have computed detailed evolution and nucleosynthesis models for super and massive AGB stars over the mass range 6.5 -9.0 M ⊙ in divisions of 0.5 M ⊙ with metallicities Z=0.02, 0.008 and 0.004. These calculations, in which we find third dredge-up and hot bottom burning, fill the gap between existing low and intermediate-mass AGB star models and high mass star models that become supernovae. For the considered metallicities, the composition of the yields is largely dominated by the thermodynamic conditions at the base of the convective envelope rather than by the pollution arising from third dredge up. We investigate the effects of various uncertainties, related to the mass-loss rate, mixing length parameter, and the treatment of evolution after the envelope instability that develops near the end of the (Super)AGB phase. Varying these parameters alter the yields mainly because of their impact on the amount of third dredge up enrichment, and to a lesser extent on the hot bottom burning conditions. Our models produce significant amounts of 4 He, 7 Li (depending on the mass-loss formulation) 13 
INTRODUCTION
Super AGB stars occupy a narrow initial mass range between ≈ 6.5-10 M⊙ depending on composition. Due to the shape of the initial mass function (IMF) they are nevertheless quite numerous and may contribute substantially to the galactic inventory of certain isotopes. This mass range has been largely understudied due to two main reasons. Firstly, the difficulties in accurately following the partially degenerate carbon burning phase of evolution. Secondly, they are also computationally demanding, with the thermally pulsing phase consisting of hundreds or even thousands of thermal pulses.
Whilst evolutionary models for solar metallicity super AGB stars during core carbon burning and the first ⋆ E-mail:carolyn.doherty@monash.edu few thermal pulses have existed for almost 20 years (Garcia-Berro & Iben 1994) , only recently have studies looked into detailed nucleosynthesis and stellar yields. Siess (2010) produced a grid of nucleosynthetic yields for the metallicity range Z=0.04-10 −4 , whilst earlier work looked at specific isotopes such as 26 Al (Siess & Arnould 2008) . A selection of works (e.g. Ventura & D'Antona 2010; Ventura et al. 2011 Ventura et al. , 2013 Herwig et al. 2012 ) have explored nucleosynthetic yields of Pop II super AGB stars as prospective polluter candidates to explain the globular cluster multiple populations problem. Another area of super AGB nucleosynthesis research to date has been the study of s-process isotope production at solar metallicity (e.g. Lau et al. 2011; Karakas et al. 2012 ). Whilst these calculations represent an important advance in our knowledge of these stars, we still lack a comprehensive study over a range of masses which self consistently includes the effects of third dredge-up (hereafter 3DU).
We outline three possible uses for detailed nucleosynthesis predictions from models of super and massive AGB stars. Firstly by comparing nucleosynthetic surface abundances to direct observations of massive AGB stars we may be able to constrain mixing processes or mass-loss rates. Secondly, these nucleosynthetic and yield calculations will be of benefit to the galactic chemical evolution (GCE) community for inclusion in their models. Since the beginnings of GCE modelling, this mass range has been omitted, due to the lack of computed models. This "super AGB star gap" in stellar yield inputs is most strikingly seen graphically in the works of Romano et al. (2010) and Kobayashi et al. (2011) . The mass boundary between stars which end their lives as white dwarfs or supernovae is under considerable study (e.g. Siess 2007; Poelarends et al. 2008; Smartt 2009 ). It is important from a GCE point of view as low mass supernova and high mass AGB stars vastly differ in their element production. Thirdly, of great interest is the possibility of a unique nucleosynthetic signature which would differentiate a super AGB star from a massive AGB star.
In this paper we present the first full thermally pulsing super AGB yields calculations over a wide range of metallicities taking into account the effects of both hot bottom burning (HBB) and 3DU. This paper is number II in this series on super and massive AGB stars. Paper I (Doherty et al. 2010) made detailed comparisons of carbon burning behaviour between different stellar evolution codes. Papers III, IV and V (Doherty et al. 2013 , in preparation) explore a) nucleosynthetic yields at globular cluster metallicities, b) the final fates of these objects, and c) the efficiency of third dredgeup at various metallicities. In this paper, Section 2 covers the numerical programs and describes the input physics and assumptions. In Section 3 we shall discuss the nucleosynthesis, in Section 4 we present a suite of detailed nucleosynthetic yields. Finally in Section 5 we summarize and draw the main conclusions from our work.
NUMERICAL PROGRAMS
The detailed stellar evolution was calculated using the Monash University stellar evolution program (MONSTAR) as described in Frost & Lattanzio (1996) , Campbell & Lattanzio (2008) and Doherty et al. (2010) . The relevant input physics can be summarised as follows. We use the Reimers (1975) mass-loss rate with η=1.0 following Bloecker (1995a) for all phases of evolution prior to carbon burning/or AGB phase. This results in between ∼ 0.1-0.5 M⊙ mass lost prior to the first thermal pulse. We then use our standard mass-loss rate from Vassiliadis & Wood (1993) . For the mixing length parameter we use α mlt =1.75, calibrated to match the present day value of the solar radius. We employ the search for convective neutrality as described in Lattanzio (1986) . Mid temperature opacities are from the OPAL compilation (Iglesias & Rogers 1996) whilst low temperature opacities are from Ferguson et al. (2005) . In the calculation of the gravo-thermal energy production rate, we take into account the Wood (1981) entropy of mixing correction.
The calculation of hundreds of thermal pulses was computationally demanding, with in excess of 20 million evolutionary time steps required for the most massive models. The temporal resolution required was very fine so we could follow the extraordinary short thermal pulse duration (less than 3 months!). The mesh resolution was also very fine to accurately model the 10 −4 M⊙ region that contained not only both the H and He burning shells but also the base of the convective envelope (BCE). Our evolutionary models generally have between 3000-5000 mass shells and time-steps down to 10 −4 years. The longest running evolution calculation took of the order of 3 months CPU time on a single 2.2 GHz processor desktop computer, whilst depending on mass and metallicity of model typically we calculate between 10-15 thermal pulses per day. We have computed a grid of super and massive AGB stars in 0.5 M⊙ initial mass divisions.
Nucleosynthesis calculations were performed using the Monash stellar nucleosynthesis post processing program MONSOON. A post-processing code offers many advantages for the calculations presented here, primarily computational expediency, but at some cost in versatility.
We calculate the structure of the star using MONSTAR, and then send the details of the structure (temperatures, densities, radii, mixing lengths and convective velocities, but not compositions) to MONSOON to use as the basis on which it calculates detailed nuclear reactions and mixing. The advantage is that a different spatial mesh and time-stepping algorithm can be used for the nucleosynthesis. The evolution code is slowest during the interpulse phase because of the accuracy requirements presented by the movement (in mass) of the nuclear shells. This is accomplished quickly in MONSOON by reading in the positions (in mass) of the nuclear shells. MONSOON takes more time during the thermal pulses themselves, when much nucleosynthesis occurs, but when the structure is changing relatively slowly. We employ a "donor cell" advective scheme with two stream (up and down) mixing, and solve simultaneously the chemical transport and nuclear burning (for details see Cannon 1993; Lugaro et al. 2004) .
The disadvantage of this approach is that changes in the composition do not feed back on the structure, which was already calculated using MONSTAR. Changes in composition have three effects on the structure, specifically they alter i) the mean molecular weight (and hence the equation of state), ii) the opacity and iii) the energy generation. However, all major species have been included in the structure calculation, and the minor species included here (Li, Ne, Na, Mg etc) are at such low concentrations that changes in their abundance have an entirely negligible effect on the structure. Hence in this case it is quite safe to use a post-processing code.
The nuclear network comprises 77 species up to sulfur (including both ground and metastable states of 26 Al), as well as the iron group elements, using the double sink approach as originally proposed by Jorissen & Arnould (1989) . To terminate the network and access the level of neutron capture reactions past nickel, we use a fictitious particle g (Lugaro et al. 2004 ) which is our s-process proxy. The initial abundances for the considered species were scaled with metallicity from the solar composition of Grevesse et al. (1996) as given in Appendix B1.
Typically not every time-step from MONSTAR is necessary for the post-processing code. We output evolutionary models to be used as input for MONSOON according to an algorithm that checks for changes in the stellar structure and evolutionary stage. MONSTAR writes a model for MONSOON according to an algorithm that specifies maximum changes in the internal structure between successive outputs. These can be at every timestep during a thermal pulse/third dredge up event, but are every 10-50 timesteps during the interpulse phase. Also due to the differing meshing within the nucleosynthesis code only about 800-1000 mass shells are required (each with an up and downstream composition).
We have refined the post-processing meshing routine to be suitable for (S)AGB models, and now include the central regions of the star so that we can follow the core composition, noting however that this has no effect on the yields.
The majority of the reaction rates are from the JINA reaction library of Cyburt et al. (2010) . The proton capture reactions for the neon-sodium (Ne-Na) and magnesiumaluminium (Mg-Al) cycles are from Iliadis et al. (2001) . We use the Karakas et al. (2006) Hale et al. (2002) .
NUCLEOSYNTHESIS
For detailed description of the thermally pulsing phase of evolution for super AGB stars refer to Siess (2010) and Paper IV (Doherty et al. 2013 in preparation) in this series. In this section we consider the four events that affect the surface composition: first, second and third dredge-up events and hot bottom burning.
First and Second Dredge-up
After the cessation of core hydrogen burning, intermediatemass stars of solar and moderate metallicity climb the RGB. This structural readjustment leads to the occurrence of the first dredge-up (1DU), when the convective envelope penetrates into the region that has previously undergone hydrogen burning. During 1DU the surface abundances of H, Ne. All of these changes are to be expected with the dredge-up of material from regions of partial hydrogen burning in which the CNO cycle is fully activated but with only partial activation of the heavier hydrogen burning cycles/chains.
The second dredge-up (2DU) occurs in intermediatemass stars after core helium burning during the ascent of the giant branch. For most of the models here, 2DU proceeds as in intermediate-mass AGB stars, and causes changes in species involved in H burning which are observed at the surface. The most massive models in this work undergo corrosive 2DU, where the base of the convective envelope dips into the He burning shell which results in an increase in the surface abundance of He burning products, mostly 12 C. After 2DU, the C/O ratio is less than unity in all models apart from the 8 M⊙ Z=0.004 (Fig. 3 ). There is a very large enhancement of 4 He with up to ∆Y∼0.1.
The initial, 1DU and 2DU surface abundances (in mass fraction) for our standard models can be found in Table B1 in Appendix B. We note close agreement with Siess (2007) .
Thermally Pulsing Super and Massive AGB phase
In this section we explore the thermally pulsing phase of evolution of super and massive AGB stars. Due to their more massive and compact cores the thermal pulses are very short lived (of the order of a year) and the region which contains the H and He shells and intershell is very thin in mass (∼10 −5 M⊙). The interpulse periods are also correspondingly shorter, decreasing with increasing initial mass. Due to these factors very fine spatial and temporal resolution is vital to accurately model the TP-(S)AGB stars. In the mass and metallicity range covered here, all but the lowest mass, and most metal poor models, stay oxygen rich for the majority of their evolution. In Figure 3 we show the variation of the C/O (number) ratio with time for our standard models.
Inclusion of low temperature variable composition molecular opacities has been shown to be important in AGB models when the C/O ratio exceeds unity. When this value is reached, molecule formation drives a large increase in opacity, a drop in the effective temperature and a subsequent enhancement in the mass-loss rate (e.g. Marigo 2002; Cristallo et al. 2007 ). We have not included these opacities in the work presented here. We believe that this is not a serious weakness in our case because all of our standard models become carbon rich only after the star has entered the super-wind phase. Thus the mass-loss rate is already very high and the evolution is rapidly terminated even without the extra opacity from carbon-rich molecules. We note that the new envelope opacities are included in our current version of MONSTAR, but not the one used for the calculations presented in this paper. Table 1 contains structural information of most relevance to the nucleosynthesis. Further variables such as the maximum quiescent luminosity during the TP-(S)AGB phase (L Max ), C/O number ratio at the completion of 2DU and the end of the evolution, and the ratio of carbon rich to oxygen rich duration of the TP-(S)AGB phase (τC/τM) can be found in Table B3 in Appendix B. A more detailed description of these evolutionary models can be found in Paper IV (Doherty et al. 2013, in preparation) in this series. The M labeled rows are for the delayed super-wind mass-loss rate case that shall be discussed in Section 4.2. During the TP-(S)AGB phase of evolution, nucleosynthesis takes place in three main regions; the hydrogen burning shell (HBS), the base of the convective envelope (via HBB) and during a thermal pulse in the intershell between the hydrogen and helium burning shells (HeBS). The evolution of the surface abundance is determined primarily by the competing effects of hot bottom burning and third dredge-up.
Thermal Pulse nucleosynthesis and Third Dredge-up
Here we describe the helium burning nucleosynthesis that takes place during a thermal pulse, and the mixing of these newly generated products to the surface via third dredgeup. The intershell region prior to a TP is composed of the Table 1 . Selected model characteristics. T Max BCE is the maximum temperature at the base of the convective envelope; T He is the maximum temperature in the helium burning intershell region; M Tot Dredge is the total mass of material dredged-up to the surface due to 3DU; M 2DU is the post 2DU core mass; M F C is the final computed core mass; M F env is the final envelope mass, N TP is the number of thermal pulses and τ (S)AGB is the TP-(S)AGB lifetime. The M indicates our modified VW93 mass-loss rate. The values in square brackets represent the number of further extrapolated thermal pulses. (Note that n(m) = n × 10 m .) For details of extrapolated thermal pulse characteristics refer to Section 4.6 and Table B3 . Angulo et al. 1999; Karakas et al. 2006; Longland et al. 2012) due to their importance, primarily for s-process nucleosynthesis (including the weak sprocess component in massive stars), but also for the production of heavy magnesium isotopes. Above ≈ 330 MK, 22 Ne(α,n) 25 Mg is the dominant of these two reactions. Due to the high THe we find a substantial neutron flux from 22 Ne(α,n) Mg. After each thermal pulse, third dredge-up occurs when the convective envelope penetrates through the hydrogen burning shell and into the intershell region, mixing up products of both hydrogen and partial helium burning. To measure the efficiency of 3DU we use the efficiency param-eter 1 λ. For a full and detailed discussion of 3DU efficiency and observational evidence for the occurrence of 3DU in super and massive AGB stars see Paper V (Doherty et al. 2013 in preparation) in this series. Here we simply mention that we find efficient dredge-up in all of these super and massive AGB models, with a maximum λ between 0.6 and 0.95.
In Table 1 we provide the number of thermal pulses and the total amount of dredged-up material M Tot Dredge . Whilst the number of thermal pulses increases with increasing mass, the mass of dredged-up material, which is reliant on the thickness of the intershell, is greatly reduced. This results in M Tot Dredge decreasing with increasing mass. The efficiency of 3DU also decreases with increasing mass. As seen in previous studies of massive and/or low metallicity AGB stars, the temperature at the base of the envelope during the 3DU can remain high enough for nuclear burning to be still very active (e.g. Chieffi et al. 2001; Siess et al. 2002; Goriely & Siess 2004; Herwig 2004a; Lau et al. 2009 ). These hot third dredge-ups are not expected to significantly alter the envelope nucleosynthesis but they may suppress the formation of a 13 C pocket (Goriely & Siess 2004 ) which would then impact on the production of s-process elements. We do not include a 13 C pocket in the models presented in this series of papers.
Hot Bottom Burning
Hot bottom burning processes material in the thin region (≈ 10 −5 M⊙) at the base of the convective envelope (BCE) and in these models TBCE can be as high as ∼ 120MK (see Table 1 ). With increasing TBCE, different burning cycles activate. As the temperature reaches ≈ 20 MK the CNO cycle starts to operate, whilst at even higher temperatures (≈ 35 MK) the Ne-Na proton capture reaction cycle activates. When the TBCE, exceeds ≈ 30 MK (Sackmann & Boothroyd 1992) lithium is created in the convective envelope via the Cameron & Fowler (1971) 
mechanism whereby
7 Be created from 4 He( 3 He,γ) 7 Be is quickly mixed to a cooler region where it undergoes an electron capture reaction forming 7 Li. This 7 Li production continues until 3 He exhaustion. At still higher temperatures (≈ 60 MK) the Mg-Al chain activates. A thorough exploration of the effect of reaction rate uncertainties of the Ne-Na and Mg-Al reactions in massive AGB stars can be found in Izzard et al. (2007) . The observational evidence to support the occurrence of HBB in super and massive AGB stars relies on low 12 C/ 13 C ratios due to CN cycling (Wood et al. 1983 ), lithium rich O-rich luminous AGB stars (Smith & Lambert 1990; Plez et al. 1993; García-Hernández et al. 2007) , as well as on deviations from the core mass luminosity relation (Bloecker & Schoenberner 1991) . McSaveney et al. (2007) showed conclusive evidence for the competing processes of HBB and 3DU in intermediate-mass AGB stars. The higher luminosity of super AGB stars may be a possible , but not very promising discriminant to distinguish them from massive AGB stars (e.g see Table B3 in Appendix B.) Near the end of evolution, when the envelope mass reduces below a critical value the temperature drops below that required to undergo HBB (Renzini & Voli 1981) . In all the models presented here, 3DU continues after HBB has ceased, which results in the surface composition becoming more and more enriched in carbon. However as the amount of dredged-up material decreases with increasing mass, all but the lowest mass stars and/or slowest mass-loss rate models remain Orich for the majority of their evolution. This continuation of 3DU after the cessation of HBB led Frost et al. (1998) to suggest this to explain the existence of luminous carbon stars (van Loon et al. 1999) .
Representative super AGB model: 8.5 M⊙ Z=0.02
Figure 1 highlights the internal nucleosynthesis taking place in the nuclearly active central regions prior to and during the 50th thermal pulse of the 8.5 M⊙ Z=0.02 model. We see an exterior convective envelope in both panels, with the bottom panel also showing a convective thermal pulse region. In the HBS, the CNO isotopes have been cycled to result in a considerable amount of 14 N (and 4 He). The bottom panel shows a time nearing the end of the thermal pulse where the 14 N has been converted initially to 22 Ne then 25, 26 Mg. Figure 2 clearly shows the major surface abundance features caused by 3DU and HBB for our representative model. The time axis has been offset with the zero at the time of first thermal pulse. The top panel shows the evolution of the CNO species during the 2DU and thermally pulsing phase. The 12 C decreases quite rapidly at the onset of HBB as it is transformed to 13 C with these two isotopes quickly coming into equilibrium. The 12 C then increases during the further evolution due to 3DU. There is a slight decrease in the 16 
YIELDS
Nucleosynthetic yields (in M⊙) are calculated using the following expression
where X(i) and Xini(i) are the current and initial mass fractions of species i respectively, τ is the stellar lifetime anḋ M (t) is the mass-loss rate. We provide yield tables formatted with the following columns; species (i), net yield Mi in M⊙, total mass expelled in winds M wind (i) and production factor log 10 ( X(i) /Xini(i)), 3 where X(i) is the average mass fraction (the total amount of species i expelled into the ISM divided by the total amount expelled) and Xini(i) is the initial mass fraction. A sample format of these tables is shown in Table B2 in Appendix B.
To maximize utility and in order to allow comparison with other works our yields are presented in terms of production factors (Figures 4, 10 and 15), net yields (Figures 5 and 6), [X/Fe] 4 (Table B4) , total mass expelled ( Figure 15 ) as well as weighted by the Kroupa et al. (1993) initial mass function (Sect. 4.5). Figure 4 shows the production factor of our standard models for Z=0.02, 0.008 and 0.004. We see large production of 13 5 This regularity in production is due to HBB dominating 3DU and all other nucleosynthetic processes in these stars.
As mentioned in the introduction, a major aim of this study was to find a clear observational signature of a super AGB star compared to their slightly lower mass counterparts. From Figure 4 , we see no obvious suitable isotopic candidate, however, with the significant increase in our sprocess proxy particle g, these heavier than iron isotopes may yet hold a key to identification of super AGB stars, with discussion of g in Section 4.1.4.
Next we discuss the yields of specific species, and then investigate the model uncertainties due to mass-loss rates and variations in the mixing length parameter α mlt . We then examine all presented yields in a broader context by using IMF weighted yields and comparing these to lower mass AGB models. The uncertainties related to the possible use of extrapolated thermal pulses beyond convergences issues at the tip of the (S)AGB phase are then discussed. . Production factor log 10 [ X(i) /X ini (i)] of selected species where X(i) is the average surface mass fraction of species i, whilst X ini (i) is the initial surface mass fraction. As described in Section 4.1.4 g is used as a proxy for elements heavier than iron. The data for the 6.5 M ⊙ Z=0.02 model are from Karakas (2010) .
This section then ends with comparison to other results in the literature.
Standard Yields

Light Elements He, Li
There is a substantial increase in 4 He, primarily due to the effects of 2DU but supplemented by efficient HBB and 3DU. We find mass fraction values in excess of 0.350 and ≈ 0.5 M⊙ of 4 He is produced in every super or massive AGB star.
Lithium is depleted during both 1DU and 2DU and produced in significant amounts at the start of the super AGB phase, via the Cameron & Fowler (1971) If the mass-loss rate is sufficiently rapid at the begin-ning of the (S)AGB phase, before significant 7 Li destruction takes place, the net yield will be high. For all metallicities, the yield increases with initial mass from negative to positive values. We see overall positive net yields for the Z=0.02 models due to a more rapid average mass-loss rate as well as the more moderate TBCE.
C, N, O and F
Although
12 C increases at the surface due to 3DU it is subsequently depleted via HBB. Even with efficient third dredgeup, 12 C yields are negative for all Z=0.02 and Z=0.008 models, whilst only the lowest mass Z=0.004 model shows a slight positive yield as a consequence of the larger comparative effect of the later 3DU events when HBB has ceased. The less abundant isotope of carbon, 13 C, is largely produced via CN cycling of 12 C; its yields increase as a function of the metallicity and are positive for all models here.
The surface 14 N abundance is enhanced through first and second dredge-up. It is also produced in large quantities via HBB of the 3DU product 12 C. 15 N is destroyed very efficiently at the base of the convective envelope which leads to quite large negative yields. In Figure 4 the production factor of 15 N becomes less negative with increasing initial mass Mini and decreasing metallicity as its equilibrium value with 14 N is larger at the higher temperatures reached.
16 O is depleted during both 1DU and 2DU and further consumed via ON cycling during HBB. There is some replenishment due to 3DU but this is not enough to lead to a net positive yield.
17 O presents a very large increase due to CNO cycling in both the H shell and at the base of the convective envelope. The surface abundance of 18 O is depleted during 1DU, and also in standard 2DU events. The more massive super AGB models undergo corrosive 2DU (e.g. Gil-Pons et al. 2013 ) whereby the convective envelope penetrates into the top of the thick helium shell and dredges up the 18 O which had been produced via α captures on 14 N. Even in models with this large enrichment, the efficient HBB destroys 18 O which always results in negative yields. The production of 19 F involves a multi-step process which relies on both 3DU and thermal pulse nucleosynthesis (for details see Mowlavi et al. 1996; Lugaro et al. 2004 ). This leads to surface enrichment from 3DU, however it is easily destroyed by HBB at high temperatures and the yield is therefore always strongly negative in these super/massive AGB stars.
Ne-Na, Mg-Al, Si, P and S
The net yields of 20 Ne are positive (albeit very slightly) for Z=0.004 and 0.008 in the entire mass range, whilst only the two most massive models for Z=0.02 show positive yields. This very slight production is via 3DU. The yields of 21 Ne are always negative as it is rapidly burnt by HBB although 3DU can enrich the surface near the end of the evolution when HBB has ceased. Production of 22 Ne in a thermal pulse is via
22 Ne, and the 19 F(α,p) 22 Ne channel. This is subsequently dredged-up to the surface and slightly depleted thereafter by HBB.
The 23 Na yields are positive in all models, due almost entirely to the large increase from 2DU. During HBB 23 Na is produced from proton captures on 22 Ne, but for the considered TBCE, the destruction channel dominates. The yield is lower at lower metallicities due to the more efficient destruction from hotter HBB.
The three magnesium isotopes in intermediatemass AGB stars have been extensively investigated (e.g. Arnould et al. 1999; Karakas & Lattanzio 2003; Denissenkov & Herwig 2003; Karakas et al. 2006; Siess 2010; Ventura et al. 2011) mainly to explain globular cluster anomalies however the isotopic abundances of Mg also have relevance to Lyman alpha systems (Agafonova et al. 2011) .
Both HBB and 3DU events change the surface abundance and yields of magnesium isotopes in super and massive AGB stars. Firstly in the convective pulse, the (Fig. 6) . The 26 Mg net yield in this figure shares a striking similarity with both g and 60 Fe. The lockstep changes in these isotopes imply that they have the same origin, suggesting that 26 Mg is almost purely a product of 3DU in this mass and metallicity range.
26 Al is created in the envelope via proton capture reactions on 25 Mg and destroyed via a further proton capture leading to 27 Si if TBCE > 100 MK. We discuss 26 Al in more detail in Section 4.4.
In the considered metallicity range there is only a slight 27 Al production, primarily from the dredge-up of material created via 23 Na(α, γ) 27 Al and 26 Mg(n,γ) 27 Mg(β + , ν) 27 Al. The contribution from HBB to this isotope is minimal. The production factor for silicon, sulfur and phosphorous isotopes for the standard models presented here is negligible, in the order of 10 −2 dex.
S-process tracer: g
Whilst the detailed nucleosynthesis of s-process production is outside the scope of this work (to be explored in Lau et al. (2013, in preparation) ), our fictitious g, the s-process proxy isotope, gives an estimate of the amount of heavier than Fe material produced. Its yield is reliant on many factors such as neutron flux and source (in this case primarily 22 Ne(α,n) 25 Mg), availability of seed nuclei, overlap factor of successive convective intershells as well as the 3DU efficiency and mass loss rate that participate to the release of this element in the ISM. In Figure 4 a large enhancement (up to 1.2 dex) is seen in g, with generally the lower metallicity and less massive models having the largest production factor.
Effect of Mass-loss rate
We have investigated the effect of differing mass-loss rates on the evolution and nucleosynthesis by running a set of test models for a 8.5 M⊙ Z=0.02 star using the four most common mass-loss formulae for massive AGB stars (Fig.7) . In order of decreasing mass-loss rate these are: Bloecker (1995b) Reimers (1975) with η=5, denoted R75. There are two main ways in which the mass-loss rate affects the stellar yields. Firstly it simply alters the duration of the thermally pulsing phase resulting in less/more thermal pulses and their associated third dredge-up events.
Secondly it changes the temperature at the base of the convective envelope, with a more rapid mass-loss rate leading to a lower temperature, resulting in a change to the HBB nucleosynthesis.
In Table 2 we include information such as the number of thermal pulses and the amount of dredged-up material for the mass-loss test cases which reflect the effects mentioned above. The variation in the number of thermal pulses and duration of the (S)-AGB is quite remarkable. The number of TPs range from 29 (B95) to 381(R75), whilst the super AGB lifetime is ∼ 20 times longer when the R75 rate is used compared to B95. The B95 rate is used quite frequently in AGB calculations (e.g. Herwig 2004b) but due to its very large massloss rates for high luminosity objects, it has been more recently used with a lower value of η such as η=5×10 mass-loss rate, which is most commonly used for the RGB, was originally shown to be a reasonable choice of massloss for the AGB with η=5 (Groenewegen & de Jong 1993) . However its accuracy for AGB stars is now in doubt (e.g. Groenewegen et al. 2009 ). As the VL05 and VW93 rates are based on observations of either luminous AGB stars or super-giants they would seem the most appropriate for massive AGB stars. The results for these two rates are reasonably comparable in their global characteristics, with ∼ 30 per cent difference in number of TPs and τ (S)AGB . The top panel of Figure 10 shows the production factor for our Li is also shown to be highly dependent on the mass-loss rate as discussed in Section 4.1.1, with the more rapid mass-loss in the early portion of the AGB phase leading to larger yields. In the B95 case, the yield of 19 F is only slightly negative, by virtue of rapid evolution and expulsion of the envelope before 19 F has been destroyed via HBB. Overall, for our selected model, whilst the two most extreme mass-loss rates produce variations by up to a factor of 10 in some isotopes e.g. 25 Mg, 26 Mg, the VW93 and VL05 yield values vary considerably less, by at most a factor of two. The net yield of selected isotopes for all of these mass-loss rates can be found in Figures 5 and 6 using the same symbols as Figure 10 .
Our second test for the mass-loss comprises computations of a set of models with the VW93 standard mass-loss rate modified to include the delayed onset of the super-wind phase. To account for the O-rich optically visible long period variable stars with pulsation periods 6 up to 750 days, Vassiliadis & Wood (1993) suggested a delay in the massloss to the super-wind phase for massive AGB stars (their equation 5 7 ). This equation has an initial mass dependent delay in addition to the 500 day delay in the standard formula. Using the mass-loss rate in this form would result, for the most massive super AGB stars, in super-wind delays until periods in excess of 1350 days! This is a result not borne out by observations. We have therefore used a modified ver- 6 The pulsation period (in the fundamental mode) is a function of stellar mass and radius with log P (days) = -2.07 + 1.94 log R/R ⊙ -0.9 log M/M ⊙ . 7 logṀ = -11.4 + 0.0125 [P (days) -100(M/M ⊙ -2.5)] sion of the VW93 rate (hereafter VW-M 8 ) to take into account the work of De Beck et al. (2010) who find a levelling off or saturation of the mass-loss rate at ∼ 850 day period. Hence we use this 850 day period limit for all masses considered here, similar to the approach of Karakas et al. (2012) who instead use 700 or 800 day delays.
We have also introduced a secondary criterion for the onset of the super-wind phase, this being when the pulsation period is in excess of 500 days and the surface abundance ratio C/O exceeds unity. The C/O criterion was added to account for the lack of variable compositional low temperature molecular opacities in this study. Unlike our standard models, in which the inclusion of these opacities are expected to only have a small/possibly negligible affect, for these slower mass-loss rate models, especially at lower metallicity, the surface composition becomes carbon rich comparatively early on the TP-(S)AGB phase, in some cases prior to the super-wind phase. The models affected by this secondary criterion are the 6.5, 7 and 7.5 M⊙ models of metallicities Z=0.008 and Z=0.004. The C/O ratio exceeds unity when the period exceeds (in order of increasing initial mass) ∼ 700, 750 and 820 days for the Z=0.008 models and ∼ 650, 700 and 800 days in the Z=0.004 models. With inclusion of variable compositional molecular opacities, the maximum stellar TP-(S)AGB lifetimes are strongly dependent on the envelope C/O ratio, and even with efficient HBB eventually, given a slow enough mass loss rate we expect all models to become carbon rich. This limits the amount of intershell material, in particular s-process enriched material that can be dredged to the surface in super and massive AGB stars.
As the mass increases, the results for standard versus modified VW93 prescriptions converge, with the most massive models already achieving a pulsation period in excess of 850 days, hence entering the super-wind stage at the beginning of the thermally pulsing AGB phase. The maximum effect of using the delayed super-wind would be for the less massive AGB stars in the mass range ≈ 6.5-7 M⊙.
The results for these models can be found in the online yield tables as well as being plotted as arrows in Figures 5,  6 and 13. The use of the VM-M prescription increases the number of thermal pulses as well as the duration of the TP-(S)AGB phase by up to a factor of 10 for the lower mass models as seen in Table 1 .
Clearly seen in Figures 5 and 6 Mg during the TP. The helium burning intershell convective zone temperature also increases quite substantially due to the much longer thermally pulsing phase and larger core mass. These effects together result in up to a factor of 5 increase in the abundance of the heavy magnesium isotopes generated within late TPs compared to the early TPs. As seen in Figure 8 which shows the intershell abundances of the 30th TP and 300th TP for the 7 M⊙ Z=0.008 VW-M. Combining these high intershell abundances with the larger number of TPs explains the very high Mg production found in these models.
Other isotopes noticeably increased when the VW-M rate is used are 27 Al and 28 Si. In Figure 9 we see the variation in elemental yields [X/Fe] between the VM-M and VW93 model yields. The [X/Fe] for these models can be found in Table B4 .
The large increase in some of the isotopic yields such as 14 N, 25 Mg and 26 Mg may possibly rule out such a slow mass-loss rate for these massive AGB stars. This would be interesting to test in a galactic chemical evolution model. The longer lifespan of the thermally pulsing phase for these very luminous AGB stars may be a possible observational constraint.
Effect of varying the Mixing length theory parameter α mlt
Our second set of test models explore the effects of changing the mixing length parameter α mlt during the thermally pulsing super AGB phase. We have again used our representative super AGB model (8.5 M⊙ Z=0.02 with VW93 mass-loss) with a standard value of α mlt and then models with this value multiplied by 1.5 and 2. These quite drastic changes in α mlt have been motivated by the inherent uncertainties in the MLT values, and lack of evidence for the appropriateness of using the solar calibrated values for other phases of evolution or metallicity (e.g. Sackmann & Boothroyd 1991; Lydon et al. 1993; Chieffi et al. 1995) . There is also a growing amount of computational/theoretical (e. As shown in Figure 11 , with increasing α mlt there is an increase in TBCE and luminosity L. This leads to a subsequent increase in the mass-loss rate, shorter lifetime of the (S)AGB phase and fewer 3DU events as seen in Table 2 . Another consequence of a larger value of α mlt is that the stellar model proceeds to a smaller envelope mass prior to convergence issues halting their calculations (for more details refer to Lau et al. (2012) ). We note that unlike in the super AGB calculation from Herwig et al. (2012) we do not find an increase in the efficiency of 3DU with increasing α mlt .
A surprising result from Fig. 10 is the 7 Li behaviour. Whilst one may expect that a greater mass-loss rate would lead to a larger lithium production this is not the case because as α mlt increases, 7 Li is also depleted more effectively as a result of a larger TBCE. Due to the more efficient mixing as well as higher TBCE, 19 F is further depleted and 25 Mg production enhanced at the expense of 24 Mg. Quantitatively, for 25,26 Mg, we see at most a factor of 3 change due to variation of the MLT parameter. Note however that the effect of increasing α mlt would be largest in the 6-7 M⊙ mass range where TBCE reaches the threshold of activation of the MgAl cycle. Another key difference noted with the increase in Table 2 . Selected model characteristics for the 8.5 M ⊙ Z=0.02 models exploring the effects of varying of mass loss rate and MLT parameter. Variables as in Table 1 . See text for details. α mlt is the large increase in 26 Al as seen in Figure 12 and further discussed in Section 4.4. Although increasing α mlt leads to more efficient ON cycling, the C/O ratio still stays well below unity for the whole TP-(S)AGB phase.
Radioactive isotopes -
26 Al, 60 Fe
The radioactive isotopes 26 Al and 60 Fe 9 are of great interest because their γ-ray emission can be observed over very large distances (Prantzos & Diehl 1996) and give an instantaneous snapshot of the on-going nucleosynthesis.
These two isotopes are also some of the most studied of the short lived radioactive (SLR) nuclei in the early solar system. We have recently suggested, using the models presented here, that super AGB stars may have been the source of these SLR isotopes ). Both radioactive isotopes come from different regions within an AGB star. The 26 Al is a HBB product, whilst 60 Fe is created within the thermal pulse via neutron captures and later dredgedup to the surface.
The surface abundance of 26 Al 10 for the variety of test cases for the 8.5 M⊙ Z=0.02 can be seen in Figure 12 . From the top panel we see there is a very strong dependence of the production of 26 Al on the duration of the thermally pulsing phase which is indirectly related to our choice ofṀ . This result may thus potentially help constrain the mass-loss rate. The bottom panel clearly shows the significant change in production of 26 Al with increased α mlt (and therefore higher TBCE). Whilst 3DU does not directly increase 26 Al being an efficient neutron poison it is strongly depleted during a thermal pulse) the dredge-up of 25 Mg then burnt via HBB can lead to a larger production of 26 Al. The present-day equilibrium galactic value of 26 Al is estimated to be 2.8 M⊙± 0.8 M⊙ (Diehl 2006) . Although the major component of galactic 26 Al (as well as 60 Fe) is thought to come from massive stars (Limongi & Chieffi 2006) , there are still large uncertainties due to reaction rates (e.g. Tur et al. 2010; Iliadis et al. 2011) .
The overall contribution of low and intermediate-mass AGB stars to the galactic inventory of 26 Al has been discussed by a variety of authors (e.g. Prantzos & Diehl 1996; Mowlavi & Meynet 2000; Lugaro & Karakas 2008 ) whilst Siess & Arnould (2008) (hereafter S08) were the first to include the contribution from super AGB stars. They found that super (and massive AGB) stars contribute at most ≈ 0.3 M⊙, which represents about 10 per cent of the galactic value.
Using our standard VW93 models we calculate (following the method outlined in Prantzos & Diehl (1996) ) the overall contribution from solar metallicity super AGB stars (masses ∼ 8-9 M⊙) to be ∼ 0.05 M⊙. If we include the total contribution from super AGB stars and AGB stars for the mass range 3-9 M⊙ (using stellar AGB yields from Karakas (2010) for masses ≤ 6.5 M⊙) the values increases slightly to ∼ 0.12 M⊙. If either the delayed super-wind models, or the increased α mlt model, are considered they do increase the galactic 26 Al contribution in agreement with the 0.3 M⊙ inferred by S08.
The large uncertainties in the reaction rates involved in 26 Al production/destruction result in a quite large variation 26 Al yields for massive AGB stars (e.g. Izzard et al. 2007; van Raai et al. 2008 ) however S08 found these reaction rate uncertainties had less of an affect on 26 Al yields for super AGB stars. As in S08 we also find that the large uncertainty in convective mixing efficiency (and especially how this translates to variations in TBCE) is a major uncertainty in super AGB 26 Al yields. However, our delayed super-wind nucleosynthetic grid also highlights and confirms the importance of the mass-loss rate to the 26 Al yields as stressed by Mowlavi & Meynet (2000) . In Figure 6 the net yield of 26 Al and 60 Fe for all models is shown.
Weighted Yields
In Figure 13 we provide yields weighted by a Kroupa et al. (1993) initial mass function (IMF) of selected species for all standard and test case simulations. We weight the yields via the expression
where ξ(Mini)=0.15571 M −2.7 ini for Mini > 1 M⊙ (Hurley et al. 2002) , and Mi is the net yield of species i.
The selected species are chosen from those most produced in this mass range as seen in Figure 4 . The lower mass yield results are taken from Karakas (2010) which were produced using the MONSTAR program with input physics very similar to this work. These two sets of yields can be used in conjunction for galactic chemical evolution modelling. Clearly seen in this figure is the relatively small contribution from super and massive AGB star yields of 4 He, 13 C, 17 O, 22 Ne and 23 Na. This is irrespective of mass-loss rate. The 7 Li however could have a relatively large contribution but it strongly depends on the mass loss prescription. The contribution from 14 N may also be important, with slow mass loss rate at the higher metallicities. We expect super AGB stars may make quite a large contribution to the galactic inventory of the heavy magnesium isotopes and 27 Al. In most isotopes, apart from 7 Li, 17 O, and possibly 25 Mg, the massive AGB stars contribution outweighs that of the super AGB stars.
Convergence issues -extrapolated pulses
As seen in all previous studies of intermediate-mass AGB stellar models the evolution is terminated due to convergence issues prior to removal of the entire envelope, with the most massive models retaining up to ≈ 2.5 M⊙ of envelope. In Lau et al. (2012) these convergence issues were attributed to the iron opacity peak. Although we expect the evolution to be truncated due to this instability with possible expulsion of the entire remaining envelope in one large mass ejection event, the outcome is uncertain, with a possibility that the stars may recover stability after this hydrodynamical event and undergo additional thermal pulses. Therefore we have decided to also model synthetically the possible remaining thermal pulses in the method described in Karakas & Lattanzio (2003) .
Our standard set of yield calculations assume the remaining envelope is expelled with the composition it had when convergence issues ceased calculations. Synthetic calculations at the end of the evolution can provide an approximation of the uncertainties in these yields.
For the extrapolated pulses we take input values of λ and the interpulse period τIP from the final calculated pulse, whilst for the values of radius, luminosity, and T eff we take the average of the values during the last interpulse period. The intershell composition is taken from the last computed thermal pulse, noting that the temperature is very similar between sequential TPs nearing the end of the evolution. The HBS is also very thin in mass compared to the intershell, so the assumption that the 3DU is composed only of intershell material is a good approximation. The increase in core mass during these final synthetic calculations is at most ∼ 0.01 M⊙ (8.5 M⊙ Z=0.02 R75) and is taken into account when calculating the total mass expelled.
In Tables 1 and 2 the values in the square brackets are the number of extrapolated pulses. For the test cases we have used the appropriate mass loss rate also for the synthetic calculations. We find that by the time the envelope instability develops HBB has already ceased in all models. As a consequence, the subsequent evolution of the envelope composition is only due to the 3DU pollution ( Ne) which leaves 13 C and 14 N almost unchanged. Because we do not take into account the possible increase in mass-loss rate and/or decrease in 3DU efficiency with decreasing envelope mass, we most likely over-estimate the contribution from the extrapolated TPs to the stellar yields. Generally, the stellar models most affected by the addition of extrapolated pulses are those of lower metallicity, due to the comparatively larger enrichment from their lower initial abundances. The difference in standard compared to extrapolated production factors are seen in Figure 14 . The species chosen for this figure are those which show the largest variations due to the extrapolated thermal pulses.
In the yield calculations with the contribution from the synthetic pulses, there is at most a ∼ 0.2 dex increase in 26 Mg and g. However, the 12 C, and also the less abundant isotopes 19 F and 21 Ne show quite large enrichments of up to ∼ 0.5 dex. Even including the extrapolated pulses, the 19 F and 21 Ne yields are still strongly negative. The 12 C yields can change from negative to positive when the extrapolations are included, with the possible 0.5 dex increase in these yields representing one of the largest uncertainties for this isotope. The error bars on the 8.5 M⊙ Z=0.02 represent the bounds of the mass-loss rate and varying mixing length tests, with the largest/smallest contributions from the R75 and B95 models respectively. The set of yield calculations including extrapolated pulses can be found in the online tables.
Comparison with other results
Only Siess (2010) , hereafter S10, has produced stellar nucleosynthesis and yields for the entire metallicity and mass range of this study.
11 We compare with S10 the only model with mass and metallicity common to both studies: the 9 M⊙ Z=0.02 model (with extrapolated pulses). Figure 15 compares the models from both studies for a variety of isotopes. The top panel includes the production factor values, whilst the bottom panel shows the total mass expelled for a selection of species. In Table 3 we collect a selection of model characteristics.
There are two major differences between the results Table 1 . from S10 and this work. The first is the occurrence of 3DU in this work, whilst the second is the quite large difference in the core mass, with the models presented here having more massive cores. The latter is due to different treatment of convective boundaries during core helium burning.
As the temperature at the base of the convective envelope is strongly dependent on, and is an increasing function of, core mass, the S10 model with its less massive core for the same initial mass has resulted in the lower HBB temperature. There is also a variation in the number of thermal pulses, 340 in S10 compared to 297 in this work. The almost halving of the duration of the TP-(S)AGB phase in our model is a result of higher luminosity and the more rapid mass-loss rate associated with its larger core mass. S10 has also produced synthetic stellar yields which artificially include the effects of 3DU, or mimic the effects of increasing α mlt via an increase in TBCE. We compare to his 3DU model with λ = 0.8 and include this in Figure 15 as error-bars. Third dredge-up events have substantial feedback on the evolution, via increased cooling of the intershell regions. This will lead to a substantial increase in the interpulse period (e.g. Sackmann 1977; Frost & Lattanzio 1996; Stancliffe et al. 2004 ) and subsequent divergence in number of TPs for the same thermally pulsing phase duration. Even with these large physical differences between the code inputs we note surprisingly close agreement between the model results as seen in Figure 15 . This is because, at least for the metal rich models provided here, the effects of 3DU are much out-weighted by hot and very efficient HBB.
From Figure 15 the main differences between these results primarily concern 22 Ne, 23 Na, 25 Mg and 26 Mg. The large 22 Ne abundance in our models is a direct consequence of both the corrosive 2DU and 3DU episodes and the lower 23 Na yields can be explained by our use of a slower 22 Ne(p,γ) rate (Hale et al. (2004) in this work versus NACRE in S10). The heavy magnesium isotope differences are due to both the higher TBCE for 25 Mg and the occurrence of 3DU for 25 Mg and 26 Mg. Another obvious signature of 3DU which is absent from S10 is the production of s-process neutron capture elements in our study. The difference in lithium yield is due to the lower TBCE in the S10 model, whilst the 3 He variations is mostly due to the adopted initial compositions.
12 C and 13 C yields show very good agreement when compared to the λ = 0.8 yields from S10.
SUMMARY AND CONCLUSIONS
The stellar yields produced in this study confirm that super and massive AGB stars in the metallicity range 0.004 Li and 27 Al). In our selected metallicity range, the surface abundance contribution from 3DU is clearly outweighed by the effects of hot bottom burning.
We have explored a range of uncertainties in our study of super and massive AGB star nucleosynthesis. The effect of mass-loss changes were found to mostly impact on the amount of third dredge-up enrichment, with this more important in massive AGB stars compared to in super AGB stars. The extrapolations used to deal with evolution after convergence issues contribute to the uncertainties in only a few select species, mainly 12 C, 19 F, 21 Ne, 26 Mg and g. The yield of 7 Li was found to be notoriously difficult to constrain because of its fragility, with its yield highly dependent on both the mass-loss rate and choice of mixing-length parameter.
In the search for a nucleosynthetic signature of a super AGB star that would distinguish it from a massive AGB, we could not identify a clear candidate, at least for elements lighter than iron. Results for heavier than iron (s-process) element nucleosynthetic yields for super AGB stars using the MONTAGE post processing code (Church et al. 2009 ) will be presented in Lau et al. (2013, in preparation) .
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